We have investigated a method to individualize the planning target volume (PTV) for deformable targets in radiotherapy by combining a computer tomography (CT) scan with multiple cone beam (CB)CT scans. All combinations of the CT and up to five initial CBCTs were considered. To exclude translational motion, the clinical target volumes (CTVs) in the CBCTs were matched to the CTV in the CT. PTVs investigated were the unions, the intersections and all other structures defined by a volume with a constant CTV location frequency. The method was investigated for three bladder cancer patients with a CT and 20-27 CBCTs. Reliable alternatives to a standard PTV required use of at least four scans for planning. The CTV unions of four or five scans gave similar results when considering the fraction of individual repeat scan CTVs they volumetrically covered to at least 99%. For patient 1, 64% of the repeat scan CTVs were covered by these unions and for patient 2, 86% were covered. Further, the PTVs defined by the volume occupied by the CTV in all except one of the four or five planning scans seemed clinically feasible. On average, 52% of the repeat CBCT CTVs for patient 1 and 64% for patient 2 were covered to minimum 99% of their total volume. For patient 3, the method failed due to poor volume control of the bladder. The suggested PTVs could, with considerably improved conformity, complement the standard PTV.
Introduction
In current state of the art radiotherapy (RT), treatment plans are based on one computer tomography (CT) snapshot of the patient anatomy prior to treatment. Several groups (Muren et al 2003 , van de Bunt et al 2008 and Chan et al 2008 have reported a large inter-fractional deformation of the gross tumour and clinical target volumes (CTV) for pelvic tumour sites. Due to the volume and shape variations of the target, treatment margins of 24-40 mm in cervical cancer and 25-30 mm in bladder cancer are required to ensure coverage when bony anatomy-based set-up is used (Muren et al 2003 , Redpath and Muren 2006 , van de Bunt et al 2008 and Chan et al 2008 . Large treatment margins imply that a large volume of normal tissue will be found within the high-dose volume throughout the treatment course. To spare normal tissue and improve the treatment precision, a soft tissue match based on on-line imaging modes, such as cone beam (CB)CT, could be applied Muren 2005, Wright et al 2008) . CBCTs may also be used for choosing the optimum between multiple plans or planning target volumes (PTVs) on each day of treatment (Burridge et al 2006) .
As a means of avoiding unnecessary normal tissue irradiation, individualization of the PTV based on patient-specific geometry seems appealing. If patients undergo daily CBCT imaging, the images acquired during the initial phase of the treatment could be used for planning purposes. Thus, the planning CT could be combined with the first few CBCTs to obtain information on the target deformation and hence individualize the planning target volume based on patient-specific motion patterns. In such an approach, it might seem reasonable to use the total volume occupied by the CTV in all available scans, i.e. the union. However, if the deformation varies from day to day, including the volume occupied only once by the CTV, might lead to a PTV unnecessarily large and not representative of the CTV shape for most days of treatment. Therefore, the sub-volume existing inside the CTV in all of the scans, i.e. the intersection, would be another option, but this volume decreases in size as the number of planning scans used is increased. It could be that there is an intermediate level between these two extremes that might result in a structure that better describes the geometrical variation of the CTV. To achieve as good conformity as possible, multiple plans available for different days of treatment and various target shapes could be needed. With aid of on-line imaging, the treatment plan for each session could then be chosen from the available alternatives, according to which one best fits to the 'CTV of the day'.
In this study, we have therefore investigated a method to individualize the PTV and improve conformity for deformable targets by combining the CT with multiple CBCTs in the planning process. The aim was to investigate how many scans should be used for planning and which of the PTVs created could be clinically implemented and provide alternatives to a standard plan.
Materials and methods

Patient and image material
Due to both the presence of large target deformation and reasonably good CT contrast, the bladder was the first tumour site where set-up based on daily CBCT scanning was implemented at Aarhus University Hospital (AUH). To evaluate the methods proposed in this study, a large number of CBCTs per patient would be required, and therefore the 12 first bladder cancer patients with daily CBCTs (Varian OBI 1.4) were considered. According to the AUH protocol, the patients voided their bladder prior to image acquisition and treatment delivery. All images were acquired in the supine position and reconstructed with a slice thickness of 3 mm. The window level showed treatment machine and patient-dependent variation and was therefore manually set to show optimal visualization of the bladder, bladder wall and the pelvic cavity.
Since the CBCT image quality is limited by a number of technical, physical and clinical factors (such as detector calibration accuracy, x-ray scatter, reconstruction algorithm, the rectal and intestinal size and internal motion) all potentially included CBCT scans were screened for bladder visibility. Only patients with a majority of CBCTs where the bladder contour was clearly visible were considered as acceptable for the study. For these patients, the CBCTs (from the total of 30 recorded CBCTs) where bladder contouring by three observers could not be made with satisfactory inter-observer variation were excluded. (The maximum positional variation accepted longitudinally in any contour position was no more than one slice (3 mm) and laterally was a single deviation in position of no more than 10 mm on at most 3 slices.) Following this screening, three male patients (66-71 years) remained to be included with a planning CT (Phillips Mx8000 or Phillips BB16) and 27, 20 and 27 CBCTs, respectively. The CTV (i.e. the bladder contour) was outlined in all CBCT scans by a single observer. Table 1 shows the relative bladder volume (RBV) variation, defined as the ratio of the CTV in the daily CBCTs to the CTV in the planning CT scan. For patients 1 and 2, the RBV was consistently less than 1, while for patient 3 a larger variation was observed in the repeat CBCTs. No patient-specific or physiological explanation was found for the larger variation in patient 3. All CBCTs were registered (rigid translations only) to the CT such that the volumetric overlap between the CTVs in the CT and CBCT was maximized (Redpath and Muren 2005) . Matching, as well as all further investigations, was done using in-house developed software.
Construction of PTVs
For planning, the method considered all possible combinations of the CTVs determined from the CT and between one and five of the initial CBCTs, e.g. a total of two to six CTVs. The number of possible combinations for a certain number of planning scans is shown in table 2. To enable comparison with current practice, where planning is based on a single scan, also PTVs based on the CTV in any of the CT or planning CBCTs were included.
Location frequency based PTVs.
In analogy with equidistance contours in cartography, the overlapped CTVs generate subvolumes defined by an outer border of areas with the same number of overlapping CTVs, i.e. a CTV location frequency. The CTV location frequency of 1 corresponds to the intersection of the planning CTVs, while the lowest location frequency corresponds to the volume occupied at least once by any of the planning CTVs, i.e. the union. For every combination of N scans, there are N such frequencies and thus N possible PTVs. As illustrated in figure 1, for three structures there are three possible PTVs, where the intersection is a subset of the PTV with frequency 2/3, which again is a subset of the union with frequency 1/3. Table 2 shows the possible location frequencies for a given number of planning scans. Figure 1 . Two dimensional illustration of CTV location frequency for three structures. The inner part, the intersection, corresponds to CTV location frequency 1, and is a subset of the location frequency 2/3, which again is a subset of the location frequency 1/3, i.e. the union of the three included structures. Multiplying the number of combinations of the included scans by their number of possible CTV location frequencies, when summed gives altogether a total of 117 PTVs per patient.
Selection of PTVs
To compare and select clinically relevant PTVs, the distribution of the remaining repeat scan CTVs was constructed in the same way as the location frequencies for the PTVs explained in the previous section. For evaluation, a measure of coverage was needed and for this purpose a volume in this distribution defined by a constant location frequency is referred to as an iso-CTV level. The iso-CTV level including all CTVs has a value of 100% and corresponds to the union of all the repeat scan CTVs, i.e. the lowest location frequency (refer to figure 1). Correspondingly, the lowest iso-CTV level is equivalent to the intersection of the repeat scan CTVs with the highest location frequency of 1. Patients 1, 2 and 3 had 22, 15 and 22 CBCTs, respectively, that were not used in planning and are therefore also the numbers of iso-CTV levels within the distribution of their repeat scan CTVs. Figure 2 shows the volume variation of the iso-CTV levels and repeat scan CTVs. If the bladder was a perfect sphere such that volume and shape variation were described by isotropic expansion, the volume variation of the iso-CTV levels and repeat scan CTVs would be identical. Due to deformation, the volume difference between two on each other following levels, e.g. 95% and 90%, has contribution from multiple CTVs and not just one single CTV.
The iso-CTV levels within the repeat scan CTV distribution were used as a first evaluation of the investigated PTVs, as it is an indirect measure of how many treatment fractions a PTV can be used. To estimate which iso-CTV levels are clinically relevant to cover, cut-off values were found by calculating the percentage of individual repeat scan CTVs that were volumetrically covered to 99% by each level. The aim was to avoid generating too large a number of alternative PTVs that were similar and would only be used for a small number of fractions. We were therefore looking for PTVs that could be used at least on half of the treatment days. In order to consider possible candidates, the cut-offs were chosen such that approximately 40% of the repeat scan CTVs would be covered. For each of the 117 PTVs described in table 2, the iso-CTV level volumetrically covered to 99% was found, and potentially suitable PTVs were selected for further analysis based on the cut-offs.
Verification and evaluation of selected PTVs
The PTVs fulfilling the cut-off limits were verified by controlling the fraction of individual repeat scan CTVs they covered volumetrically to 99%. PTVs that covered the same percentage of repeat scan CTVs were evaluated with aid of an average conformity index (CI) for the repeat scan CTVs covered. CI is defined as the ratio of the actual target volume to the PTV volume. It gives a measure of how well a PTV fits the target, and in the case of a perfect geometrical match CI equals 1. For guidance on volume criteria for the involved planning CTVs, an investigation of the RBVs was made for the included planning CBCTs for combinations of scans that both fulfilled and violated the cut-off limits.
Results
Evaluation of all PTVs
The variation in coverage of iso-CTV levels for the different PTVs is shown in figure 3 . In this graph, the intersection of CTVs coincides with the integer value of the total number of planning scans (i.e. CT and the CBCTs), while the unions are represented by the right most point in each column. The iso-CTV level volumetrically covered to 99% by a CTV union increases considerably even when the CT is combined with one CBCT. Little improvement in the average level covered is gained after the fifth scan is included, as it only decreases the ranges slightly. Also, some of the PTVs where the most extreme parts of the unions are excluded, i.e. those characterized by a CTV location frequency of 2/3, 2/4 and 2/5, cover iso-CTV levels similar to those covered by the corresponding unions. For patient 3, the maximum iso-CTV level covered in figure 3 is remarkably lower than for patients 1 and 2. The explanation can be found in table 1, which shows that although the RBVs in the planning CBCTs are similar for all three patients, those for the repeat CBCTs are considerably larger for patient 3. The volume variation of the PTVs is shown in figure 4. Best conformity is achieved when the PTV covering a specified iso-CTV level is as small as possible. Comparing the data in figures 3 and 4, it appears that the volume variation is relatively small compared to the variation in the iso-CTV level coverage. Thus, the variation in coverage is not simply due to the PTV volume, but to how well the PTVs account for the deformation.
Cut-off limits
As shown in figure 5 , 40% of the repeat scan CTVs were volumetrically covered to 99% by the 66% iso-CTV level for patient 1, the 78% level for patient 2 and the 72% level for patient 3. A PTV enclosing a CTV level will obviously not perfectly match the target and will include an excess volume. Also the CTV levels are not continuous, but have discrete intervals determined by the number of included repeat scan CTVs. Therefore, the cut-offs used were chosen as the iso-CTV levels just below 66% (64%) for patient 1, 78% (73%) for patient 2 and 72% (68%) for patient 3. The volumes of these cut-off iso-CTV levels were 104 cm 3 , 106 cm 3 and 132 cm 3 , respectively. In contrast to patients 1 and 2, for patient 3 the volume of the cut-off was larger than the CTV in the planning CT (109 cm 3 , i.e. RBV = 1), as seen in table 1.
Selection of number of planning scans and PTVs
There were 47 PTVs for patient 1 and 55 for patient 2 that enclosed iso-CTV levels above the cut-offs. For patient 3, none of the tested PTVs fulfilled the cut-off, and the maximum iso-CTV level covered was 32%. This was due to the poorer volume control of the CTV, meaning that the planning scan CTVs were not representative of those repeat scan CTVs which had a higher RBV average and range (see table 1). Patient 3 was therefore excluded from further analysis. For patients 1 and 2, the PTVs fulfilling the cut-offs by total number of planning scans and CTV location frequencies are given in table 3. Based on figure 3 and table 3, the CTV unions created by 2, 3, 4, 5 and 6 scans were considered as suitable PTVs and were selected for further analysis. Since more than half of the PTVs characterized by CTV location frequencies of 2/4 (four scans), 2/5 (five scans) and 2/6 (six scans) fulfilled the cut-off criteria for patients 1 and 2, they were also investigated. According to figures 3(A) and (B), there are specific combinations of PTVs with CTV location frequencies of 2/4, 2/5 and 2/6 which in terms of iso-CTV level coverage are as good as the unions of two or three scans. Since the PTVs with CTV location frequencies of 2/4, 2/5 and 2/6 have a smaller volume than the corresponding unions of four to six scans (figure 4), the conformity will be better for these structures. For those planning scan combinations for patient 1 that did not achieve the cut-off limits for CTV location frequencies of 2/4 and 2/5, the RBV ranges for the included planning CBCTs lay in the range 0.65-72. Thus, the planning CBCT with the largest Table 3 . Fraction of PTVs, for patients 1 and 2, that encloses iso-CTV levels above the cut-offs for a certain number of planning scans (CT+CBCTs) and CTV location frequency. variation (largest RBV) in table 1 was excluded from these combinations. The iso-CTV level volumetrically covered to 99% by the PTVs was 27-32% for all the combinations that failed. For patient 2, the combination of the CT and the three CBCTs with the smallest planning CTVs (RBV range 0.73-0.82) in table 1 with CTV location frequency 2/4 did not pass the 74% cut-off, but covered the iso-CTV level just below (67%).
Fraction of combinations
Verification
Correspondence between the coverage of an iso-CTV level and the fraction of repeat scan CTVs included for the selected PTVs that fulfilled the cut-offs is shown in table 4. For patient 1, the unions of two to six planning scan CTVs on average provide 99% volumetric coverage for 58-68% of the individual repeat scan CTVs. table 1 ). The PTVs with a CTV location frequency of 2/4 or 2/5 on average volumetrically covered 99% of the CTV in 68% (range 53 to 80%) of the individual repeat scan CTVs with a CI of 0.67 (S.D. = 0.01). For the fraction of repeat scan CTVs included by the unions of four to five scans, but not by the CTV location frequencies 2/4 and 2/5, the CIs were approximately 0.60. The variation in ranges for the patients, where patient 2 has wider ranges for some combinations of PTVs could partly be explained by the smaller number of repeat scans for patient 2. With fewer scans each scan affects the repeat scan distribution more, and correspondingly the final fraction of treatments for which a PTV can be used.
Discussion
This study has investigated the possibility of individualizing the treatment volume for a deformable target based on a CT and multiple CBCT scans. Successful implementation requires the scans used in planning to be representative for the repeat scans in terms of target volume variation. Compared to the use of a PTV based on a single planning scan, combining the information in multiple CTVs to a union considerably increases the iso-CTV level covered, and thus the number of volumetrically covered individual repeat scan CTVs. How many repeat scan CTVs should be included in planning depends on the geometrical properties of the planning CTVs. PTVs created with higher RBVs of the included planning scan CTVs were more stable regarding the fraction of covered repeat CTVs. Increasing the number of planning CTVs also reduces the differences observed between certain combinations of scans, hence reducing the spread of the iso-CTV level covered (figure 3). Nevertheless, the conformity for those fractions for which the PTVs can be used is not compromised and is independent of the scan combination (S.D. 0.01, see table 4). Therefore, increasing the number of planning scans included makes the method more stable. Based on the results for the patients investigated, the number of treatment fractions for which a CTV union based PTV can be used becomes reasonably stable (see ranges in figure 3 ) when a total of four or five planning scans are included. However, for these three patients, there was only a very modest improvement in terms of coverage of repeat scan CTVs when a sixth scan was added. For patient 3, whose planning scans were not representative for the repeat CBCTs with a larger relative bladder volume, the method failed. This problem might have been overcome with daily ultrasound volume measurements of the bladder, followed by the patient re-voiding his bladder prior to new CBCT acquisition and treatment. Regardless, an adequate treatment would have been obtained using the standard plan.
To maximize conformity throughout the treatment course, it is necessary to have a selection of PTVs that fits the CTV shape for any day of treatment. For those patients in whom the method succeeded, the improvement obtained in conformity by combining two scans for planning (CI = 0.61 and 0.60 for patients 1 and 2, respectively, S.D. 0.01, refer to table 4) instead of the addition of margins on a single planning CT is notable (CI = 0.14 for patient 1 and 0.15 for patient 2 with the current standard AUH margins). Further improvement of conformity was obtained with the PTVs characterized by a CTV location frequency of 2/4 and 2/5 (CI = 0.67 S.D. 0.01, for both patients), which provided alternatives to the standard plan for almost as many treatment fractions as the unions of two CTVs. However, not all combinations of PTVs with a CTV location frequency of 2/4 or 2/5 for patients 1 and 2 passed the cut-off limits. To ensure stability for the PTVs based on these two CTV location frequencies, the findings of patients 1 and 2 indicate that some of the included planning CBCTs should have a CTV with a relative volume of at least 0.80. Based on our results, the relative volume of the CTV throughout the treatment course should however be kept below 1.0.
The unions of either four or five CTVs show similar conformity to the unions of three CTVs, but they provide an alternative for more treatment fractions (average difference 4% for patients 1 and 2). At least four planning scans are therefore needed. Based on our sample of patients, the inclusion of a sixth scan only gives limited improvement, and therefore the use of five scans for planning seems to be the optimum number. The CIs obtained with the union PTVs of four to five CTVs for patients 1 and 2 included in this study were approximately 0.60, compared to the AUH standard plan where the CIs were 0.14-0.15. Although it is not certain for how many days the various PTVs created with the proposed method can be used, it is certain that they will allow more normal tissue sparing. How many planning scans and complementary PTVs to use in clinical implementation therefore depends on the number of scans and the time available for planning and treatment, as the selection between plans will obviously be more time consuming as the number of plans is increased. However, after the creation of PTVs, the planning procedure will be no more complicated than standard planning.
Many groups have addressed the problem of deformation for pelvic tumour sites (Muren et al 2003 , Lotz et al 2005 , Mangar et al 2007 , van de Bunt et al 2008 and Chan et al 2008 . Previous studies have reported adaptive strategies for treatment of bladder tumours based on multiple imaging , selection of treatment plans according to the actual bladder size (Burridge et al 2006) and the potential of treatment margin reduction with daily soft tissue matching Muren 2006 and Wright et al 2008) . The method proposed here combines parts of these strategies together with a PTV based on patient-specific information of the CTV geometry.
It should be pointed out that this study has not considered what treatment margins should be applied. It has also assumed that a geometrical 99% coverage of the target is adequate. However, even IMRT dose distributions cannot perfectly follow the target contour and will result in a high dose volume greater than the planning volume. Thus, to some extent, the lack of perfect conformity in the dose distribution provides an extra safety margin. As the treatment precision is improved and the treatment volume decreased the intra-fractional deformation becomes a more critical problem. In bladder radiotherapy, the intra-fractional motion depends on which protocol for bladder voiding is used and on the drinking instructions given. Lotz et al (2005) found a maximum shift of up to 30 mm for the superior bladder wall during the first 10 min for patients instructed to drink 300 ml 15 min prior to scan acquisition. On the other hand, for patients with an empty bladder Mangar et al (2007) found an asymmetrical expansion of less than 10 mm during a 20 min time interval. Furthermore, for cervical patients, the intra-fractional motion has been found to be accounted for by an anisotropic 5-10 mm margin (Chan et al 2008) . However, Chan with colleagues concluded that a scan prior to treatment would be representative of the internal anatomy if the treatment time took no longer than 15-30 min. In any case, the treatment margins should, independent of site and treatment strategy, take into account random set-up errors and on-line image inaccuracy. Addition of margins naturally decreases the conformity, but since the conformity compared with the standard AUH treatment is remarkably improved with the method suggested, it remains clear that this method would enable an improvement for bladder RT.
At AUH, we are currently initiating a 10 Gy fiducial marker-based tumour boost for bladder cancer patients delivered sequentially over the five first treatment fractions (Jimmi Søndergaard, personal communication) . Combined with an ultrasound-based volume control of the bladder, the method proposed here would therefore be suitable for use within this treatment scheme, as it will allow improved conformation in the second phase of the treatment. Although the method presented in this paper was tested on three bladder cancer patients, it could also be applied to other tumour sites where target deformation is occurring, for example cervical and rectal patients.
A remaining obstacle to clinical application of this method is the CBCT image quality. The bladder is a site which is ideally suited as there is large Hounsfield unit (HU) variation between it and the surrounding fat and bowel-filled cavity. For sites with less HU contrast, such as the rectum, the image quality problems would be greater. However, as stated earlier, only 3 of the 12 bladder patients considered for the study could be included; with most images excluded due to poor image quality. Nevertheless, the presented method for adaptive PTV design will be an off-line process and will thus allow for off-line approaches to improve image quality. With the ongoing research in CBCT reconstruction, it seems therefore realistic that the method could be applied for a larger fraction of patients and patient groups in the future.
Conclusions
We have developed a method to individualize planning target volumes based on a CT and multiple CBCTs, to be used as a complement to the standard plan. To ensure stability, three to four CBCTs together with the CT should be included in planning. Of the included scans at least one of the CTVs should have a relative volume of approximately 0.8. To achieve most benefit in improved conformity, it is recommended to create two alternatives to the standard plan. Depending on the total amount of scans available in planning, we recommend the first alternative plan to be based on the union of either four or five scans, and the second on the PTVs characterized by CTV location frequencies of either 2/4 or 2/5, i.e. where the most extreme parts of the union have been excluded. For a successful implementation of the method, daily volume control of the CTV throughout the treatment course is crucial.
